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Preface

This thesis represents my efforts to establish a uscable
low spced wind tunnel facility in which the mixing of parallel
streams of air may be studied at the Air Force Institute of
Technology. I hope that this investigation will provide
incentive for others to study aerodynamics with this apparatus.

I wish Lo express my appreciation to Dr. William C. Elrod
for his inspiration during this study. Major John Vonada and
Captain Michael Kirchner also deserve my thanks, along with
Mr. William W, Baker and Mr. Howard L. Cannon. Finally, I
wish to express my gratitude to my wife, Catherine, for her

devotion and understanding during this endeavor.

Daniel J. Gurecki
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Abstract

The objective of tlis thesis is to study ways to cnhance
the mixing of two .parallel streams of ailr by modifying the
trailing edge of a scparating plate. An apparatus was de-
signed which achieved two-dimensional, uniform flow near
the center of the test section passage. A single element
hot film probe was used to acquire data. The probe was
oriented parallel to the plate trailing edge. The turbulence
intensity, based on the fluctuating velocity components
perpendicular to the hot film, ranged from 2.2 percent in
the freestrcam, to 38 percent in the plate wake. Measure-
.2nts of the wake werce made by varying the velocity ratio
of the secondary to primary stream from 1.0 to 0.375. Data
was taken in and upstrcam of the asymptotic region. A
simple flat plate and a flat plate for which the'trailing
edge was slotted with five, eight millimeter slots were
investigated. The ratio of slot width to plate overall
width was 0.157.

The flat plate wake was found to have better mixing
than when modified with slots. The flat plate wake had
higher turbulence and greater width than the slptted plate
wake. No velocity ratio of the two streams was found to
maximize the wake growth for either configuration. Wake
growth doublced when the secondary velocity was 40% of the
primary velocity as compared to the wake growth for equal

velocity streans.

vii
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I. INTRODUCYPTON

In many systems it is desirable to mix parallel, co-flow-
ing gag streams in the shortest practical dictance. It occurs
in aircraft turbofan cngine designs that combine the core
flow with the bypass flow to permit exhausting the entire mass
flow through a single nozzle. Significant increasecs in per-
formance can be obtained when these mixers are properly de-
signed. Blackmore and Thompson (Ref 3:1) use an advanced,
three~dimensional, viscous computler program to solve the
design of a turbofan lobed mixer. They report that the
mixer increases efficiency and lowers thrust specific fuel
consumption by 3 to 5 percent at cruise. Another current
enginecering problem is to promote mixing of hot and cold
strecams to provide a change of stream temperature to meet
a particular need. 2An example is the reduction of engine
exhavst plume temperature profile to rcduce its detectability.

Dr. Arthur J. Wenncrstrom, Chief of the Compressor
Rescarch Group, AI'WAL/PO, is the sponsor of this work. His
work suggests that slotting the trailing edge of the last
stage bladerow of an axial flow compressor could diffuse the
bladc wakes and increasc mixing in the cowmbustor (see Figure
1).

As a first step in this area of research, a flat plate
was sclected. Modifications to its trailing edge could be

studiced in an effort to enhance mixing.




J
Fig. 1 Trailing EBdge (‘.ren%lations Npplied to an Axial

Compressor Stator




Purpose and sScope

YTue purpose ofl this worh is to investigote modifications
to the trailing cdge of a wall separating Lwo co-flowing,
parallel stroams of gas. The modifications are intended to
increase the mixing of the two strcams by the use of slots.

Turbulent wakes arce chosen as the subject of this study
due to their high mixing characteristics. In order to limit
the complexity of the apparatus, the parallcl streams are
chosen to be incompressible, and two-dimensional airflows.
Since the streams are of the same total terieraturce, heat
transfexy will be neglected. 7The temperature and pressurc of
the air are such that the flow behaves as o ideal gas.

An existing calming chamber will be usced to provide a
common source for the parallel flows. Devices that establish
resistance to the flow will be provided in the rcépectivé
streas as nceded to establish the desired velocity ratios.
The apparatus will be checked for uniform, non-separated
flow of uniform turbulence level in the freectream. A flat
plate separating wall will be tested to determine the extent
of the wake growth and its interaction with the apparatus
wall boundary layers. Data from the flat plate wake will be
comparcd with cmpirical and theoretical work of others to
evaluate the guality of the flow and cstablish a base line
casc for comparison with the wakes of subsequent trailing
edge modifications. Finally, a modification to the flat

plate will he tested, which consists of five, eight millimeter




slots cut into the trailing cdge. The data of both plates
will be analyced to delermine which configuration achicves

the better mixing.
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IT. THFORY

This chapter supmarizes pertinent knowledge found in the
literature and shows how these facts relate to the enhance-
ment of mixing of two parallel streams of air. A general
definition of turbulence is given, followed by those character-
istics which lend themseclves to good mixing. Ways to measure
turbulence are then surveyed, followed by a discussion of

flat plate wakes.

Cebeci and Smith define turbulence in part with a quotc

from Hinze:

Turbulent fluid motion is an irregular
condition of flow in which the various gquanti-
ties show a random variation with time and space
cqprdinates, so that statistically distinct average’

values can be disccrned (Ref 7:3).

Turbulence is a three~dimensional phenomenon, in which
diffusion of flow properties occurs much more rapidly than
in laminar flow (Ref 7:26). The velocity components of
turbulent flow can be decomposed into time average and
fluctuating components. Since mass is transferred across
the mixing layer by the fluctuating velocity component
transverse to the wake, any increcase in the transverse
velocity fluctuation causes more complete nixing te occur

{(Ref 1:53,55).
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Cebeci and Smith report that the downstrceam response of

a turbalent boundary laycer to an obhstacle in its path is more

rapid than the response of a laminar boundary layer. They

citce the work of Klebanoff and Dichl which shows that the

turbulent boundary layer returns to an undisturbed state

quicker than the laminar boundary layer due to the high dif-

fusion of the turbulence (Ref 7:92).
In turbulence, velocity fluctuations interact over many

scales of time and length to produce mixing. The smallest

eddies do not contribute much to overall mixing, and eventually

dissipate as heat energy duc to viscous shcar. The largest

eddies contribute most to the transport of properties in the

wake, but eventually, they break down into smaller eddies.

Schlicting points out that, from empirical data, turbulence

in sgbsonic flows mixes flow properties more completely than !

in suéersonic flows (Ref 13:739). The subsonic turbulent !

wake offers the most thorough mixing. J
‘The motion of turbulent eddies adjacent to a non-turbulent

flow entrains the frecestream into the wake. Thus the wake dif-

fuses into the surrounding flow. Browand explains this action

in terms of vortex pairing in his study of two parallel flows

mixing behind a splitter plate (Ref 5:129). Brown, studying 5

the mixing layer of a planc turbulent jet, shows that the

slower flow is entrained by the faster flow. The rate of

entrainment is shown to be weakly dependent on the relative

densitics of the flows, and strongly a function of the differ-

ence in the flow velocitics (Ref 6:38). Entrainment in the




il 200 diameters (Ref 15:113).

mixing region dircctly wffceacts the growth of the wake.

In o wake bobhind a body of approciable thickness, the
turbulcnce deveiops a nearly constant character with time
and distance, following a reyion of wake development. The
region of development is called the transition region and the
developed region is called the asymplotic or self-preservation
region. The asymptotic region is identified by its behavior
according to a similarity law: velocity profiles at diffcreﬁt
downstream locations can be non-dimensionalized as a single
curve. Turbulence intensity also obeys a similar similarity
law. Tuvbulent wakes have a universal behavior which is inde-
pendent of the body shape in the asymptotic region (Ref 9:1388).
Yor wakes of circular cylinders, mecan velocity profiles show
that similerity exists beyond about 80 cylinder diameters

downstrecam. Turbulence intensities do not become similar un-

B S

Figure 2a shows a uniform plane jet exhausting into a

region of uniform, slower flow. As the jet interacts with the

slower flow, shcar layers grow between the flows. The initial
region of the jet is defincd as the region where the potential
core of the jet exists. The main region of the jet occurs _ ) ]
downstrcuom of the initial rcgion. Experiments have shown that

in the initial as well as the main region, velocity profiles

cexhibit similarity. Due to the symmetry of the plane jet, the i
shear layer of two flows of different velocities, mixing down-

strecam of a thin scparating wall (Figure 2b) exhibits the same
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similarity as the velocity profiles in the mixiﬁg layers of a
plane jet (Ref 1:4-10). Because the shearing forces from

the difference in the two velocities promote additional mix-
ing in the wake of the separating wall, the mixing region of
either a plane jet or a flat plate depends strongly on the

velocity differential across the mixing region

Characteristics of Good Mixers

In the design of mixers for turbo~fan jet engines (see
Figure 3), it has been found that a smoothly flaired lip at the
exit of the by-pass duct passcs more flow and increases ef-
ficiency of the mixer (Ref 16:26). 1In the design of any bends
of the scparating wall of the two streams, this fact must be
considered. A large region of separation due to an abrupt
bend would increcase losses in the flow.

Stratford, Jawor, and Smith investigated the mixing of
two strecams of air in a centrifugal flow field. The flows
were found to mix better when the fluid of higher total pres-
sure was centrifuged through the fluid of lower total pres-
sure (Ref 14:12) The extent of mixing was measured by the
width of the mixing region (Rcf 14:11}).

The effect of mixing fluids of different densitics was
not considercd in this thesis, but the cxtent of mixing was
assumed to be dircctly proportional to the width of the

mixing region.

[ ) Turbulence Mecasurement

Turbulence has been characterized in many ways including
its intensity, length scales such as the Taylor and the

9
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a) Convergent Nozzle bh) Flaired Tip Mozzle

Fig. 3 Convergent Nozzle and Flaired Tip VNozzle (Pef 12:13,28)
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Kolmogorov scales, the power spectyal density of the cddies,
the Reynolds shoear strecss cosponents ond temporal and spatial
correlations of the above (Ref 7:13-24). Of the many ways to
measurc turbulencé, one of the most basic is the use of a

single element hot wire probh«, which was used in this study.

Research on Flat Platc Wakes

Many researchors have studiced the wake of a flat plate and
the findings are well established. Agrawal, Pande, and
Prakash studied thoe near wake of a flat plate at zero angle
of attack. Velocity defecl was mecasured across the wake and
at several downstrcasm stations. Turbulence intensity was
plotted versus vertical distance across the wake, made dimen-
sionless by dividing by the trailing cdge displacement thick-
ness. Velocity defect was plotted in the asymptotic region.

A single clement hot wire probe was used (Ref 2:140). Similar
studies were also found in references 8 and 9.

Abramovich summarizes the work of several researchers
with dimensionless plots of velocity defect for a two-dimen-
sional, incompressible wake of a flat plate. Data is shown
in the asymptotic region for streams of equal and unequal
velocities (Ref 1:28,29,140). This empirical data agrees with
the Law of Decay »f the Velocity Defect (Ref 1:133-139). It

is expressed in the following equation:

U.~u  _ . ~ _.3/2,2
oo f(n) = (1-n )

11




For the wake of two parallel streowms of caual vélocity, the
local dimensionless velocity deficil is a function conly of
n, the ceoordinate measured across the wake width divided by
the wake half width (sec Figurce 2b). This theory is also
modified to account for cases where the velocities of the
streams are not equal. Data in this study was compared to

this thcory whenever possible.

Ways to Enhance Mixing
It is a well-known fact that vortex generators in a flow
generate turbulence, and that flaps on an airfoil create large
mixing regions downstrecam. Vortex generators have been used
in various ways to enhance mixing. Schlicting reports that
‘ ' for a triangular body with its vertex pointed upstream, when
a splitter plate is located behind the body in the reccircula-
tion region, and oriented parallel to the flow, the wake grows
at twice the rate as that of a flat plate placed perpendicular
to the flow. The von Karman vortex street is inhibited by
the plate, and so the wake becomes unusually wide (Ref 13:739).
Vortices of opposite rctation have been created in a dump
combustor to speed the mixing of fuel and air (Ref 12:i).
Turbulence nceds continuous supply of energy to fuel the
deformation work done by the viscous shear stresses (Ref 15:3).
Therefore, to enhance the mixing in a flat plate wake, modi-
fications must increase the energy supplied to the shear
stresses. Methods of producing a larger or energized shear

layer might include bending, crinkling, or slotting the plate
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troiling edge. Bending diverts the flow in different direc-
tions crecting shear layers having diffcrent oricntations in
the wake. Small jets of air blowing into the main flow would
energize the boundary laycr to increase turbulence. Of the
modifications considered, the slotted flat plate was chosen
as the first modification because, if it increases mixing, it
would do so with little penalty of drag.

The mathematics of turbulent flows are complex and solu-
tions arec not generally known.

Since the cquations of motion are non~linear,

each individual flow pattern has certain unique

characteristics that are associated with its

initial boundary conditions. No ¢encral solution

to problems in turbulent flow are available (Ref 15:3).
Solutions to turbulent mixing flows must be studied by the

analogy of experiment.

13
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IIT.  APPARATUS AND PROCLEDURES

1 €

The purpose of Lhvis chaptor is to give a description
of the cqguipment, how it was used to obtain the data, and

in general, what data was taken. Following the sections on

apparatus design, data acquisition, and data reduction, the

apparatus preliminary choeckout is discussed.

Appavitus Design
An cxperimental apparatus was designed to achieve two
parallel streams of gas, separated by a flat plate, which

were allowed to mix in the wake of the plate. The wake was

to be turbulent and the flows were to be of uniform freestream

velocity and turbulence intensity.

The working fluid was chosen to be air. Optical glass

walls were used as the sidewalls of the test section to per-
mit visualization of the flow with smoke, tufts, or by means

of a Schlieren optical system. Air, supplied by the AFIT

facility compressor at 100 psi and room temperature, was used.
Velocity of the flow was chosen in the incompressible

range. Design velocity at the flat plate trailing edge was

300 ft/sec, roughly a Mach Number of 0.3. The pressure

differential needed to cxhaust the flow to this, velocity was
calculated to be 0.751 psi from the incompressible Bernoulli

Equation. Test section flow arca was basced on the compressor

discharge capability of 1.0 1lbm/sec, using conscrvation: of

mass at stecady state. Density was calculated from the ideal

gas cquation of state. The arca required to pass the total

14
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available supply of air at decign velocity was 6.21 in2.
A arca of 4.0 in? was conccivatively chosen for the design.

The length of the plate was based on Reynalds number con-~
siderations. For a turbulent boundary layer, the Reynolds
number at the lower end of the turbulent flow regime is
3.2x10°, from Schlicting (Ref 13:37), Boldman, Brinich and
Goldman dcsigned a similar apparatus and cited a limiting
Reynolds number for turbulent flow as 105 (Ref 4:724). Using
Schlicting's limit the minimum length of the plate was found
to be about 2.0 inches. For a reduction of velocity of 33%,
as anticipated in the experiments, the minimum length triples,
so 6.0 11 was chosen for the flat plate length.

The apparatus is shown in Figure 4. Hardware included
the conical diffuser, the filter paper and perforated plate,
the adaptor to the square calming chamber, the calming chamber
itself,and one straight-walled convergent section. The square
cross section stilling chamber used three internal flow screens
to mix the flow. The hot film anemometcr was chosen as the
primary form of instrumentation. The life of the sensor is
directly related to particulate matter carried by the flow
field. Four paper filters were used to eliminate dust at the
entrance to the chamber. Since the velocity of one stream
had to be made more variable, scparatc calming chambers for

cach air stream were initially considered. A simpler design

was possible using one common calming chamber with a total

pressure loss imposed on the secondary flow stream with various

cloths to obhtain various velocity ratios as nceded.
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To tect difteront modificotions, the flat plate, held by
{riction, was mode Lo slide i slots in the walls immediatoely
upstream of the test scection (see Migwe 5),  This require-
ment dictated that a section of constant width enclosed the
plate. The cloths also had to be reploceable to obtain dif-
{ferent velocities, and werce not mounted at the plate leading
edge because the crossflow potential which they would produce
there was expected to contribute to neon~uniform flow in the
test section.  The cloths were mounted one inch downstream of
the leading cdge, dividing the plate into two parts which
butted? together at the screen and cloths.

At this juncturc, the sidewall surtace had a sharp corner.
A 1/8 in rubber gasket was installed which located the screcn
and cloths 1/8 in downstream of the corner. Any separation
of the wall boundary layer at the corner was intended to be
adoquéiely diffused throughout the flow downstream of the
scraeen.

‘On the downstream side of the scryreen, the height of the
channecl had yet to be reduced to that of the test section.

A straight-walled convergent section between the last screen
and the test section would have resulted in a sharp angle at
the juncturc to the test secction, possibly separating the
flow along the upper and lower test section walls. Elliptic
walls were used to gradually reduse the channel height and
provide parallel flow at the teost scction entrance.

In the design the calmed flow passed through the existing

straight-walled convergent scction. Another straight walled

17
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convorgent sccotion was designed, preserving the wal angles

of the existing hardware. Its  o=it width was that of the
test section, L.1 cm.  UHeight roduction wos achieved by a
section having elliptical top and bottom walls as rcecommended
in the literature (Ref 10:46). The trailing edge of the
plate was made to protrude into the glass-walled, test section
for vigual positioning of the probe and possible optical in-
vestigations. The plate was made of aluminum stock, 0.050 in
thick, and the ratio of the test scction area to the calming

chamber arca was 0.033.

Data Acquisition

The single e¢lement hot film ancmometer system was used
‘ to measure the flow velocity. The DC and RMS voltages were
measured, then interpolated on the calibration curve to get
the mecan and fluctuating velocities. The hot film was not
rotated in the flow.
The instrumentation consisted of:
1. TSI Model 1050, constant temperature ancmometer

2. TSI Model L266 and K478 sensors; each film was
i 0.0020 in thick

3. Ballantine Laboratories Model 32QA, True RMS VTVM

4., Hewlett Packard Model 34701A, D.C. digital volt-

meter

:

= The probe was mounted in a Gaertner Scientific Company
floor standing traverscr, Model 1021. As an aid in preliminary
checkout, static pressure ports were installed above and

below the training edge of the flat plate. A pressurc line

19




wall of the stilling chamber to indicate

was connected to the
waere conuected Lo water

total pressure.  Prossure lines

manometers,

The procedure of testing was as follows:

1. The electronics werc turned on and the ambient

temperaturce and pregssure werce recorded.

2. The hot film was aligned parallel to the flat plate
trailing edge.

3. The electronics were considercd warmed up when the
STAND-BY output of the hot film remained 2.0 volts within
0.005 volts over five minutes duration. At this time, the
apparatus was run up to a total pressurc of 22 in of water,
with the probe out of the airstream to blow out any forecign
matter. This pressurce gave approximate design conditions
in the test section.

With the film oriented parallel to the plate trail-

4.
the probe was manually positioned and data were

ing edge,
recorded.

Whenever fluctuating values were read, an cstimated

average was taken. Every half hour thc anemomcter was ad-

justed back to the STAND-BY condition. The probe was cali-

brated four times during the rescarch. Maximum deviations

from previous calibratiohs were within three percent error

in velocity. Appendix A discusses the calibration technique.

Traverses were taken at three distances from the plate

location A was 0.15 in downstream; B, 4.45 in,

trailing edge:
and C, 8.80 in. Location C was 1/8 in from the exit plane of
the apparatus, as shown in Figure 5.

Figures 7 through 12, discussed in detail in Chapter

1V, show data taken from the flat plate wake at velocity

ratios of 1.0, 0.66, and 0.375. The velocity ratio, U, is

20

(%



defincd to be the ratio of the slower, sccondary, to the
faster, primary, flow velocitices in the freestream at loca-
tion A. Different velocity ratios were obtained by inserting
cloths upstrcam of the last scrcen on one side of the plate.

The same cloths were used for the slotted plate tests.

Data Reduction

The data were reduced with the aid of two computer pro-
grans which processed voltage, velocity, RMS voltage, and
the data point coordinates. The output consisted of the raw
data and computed dimensionless parameters for plots. The
x-direction was parallel to the plate trailing edge, the
y-direction was perpendicular to the x-direction and was
vertical, and thc z-direction was orthogonal to x and y, in
the downstream dircction as shown in Figure 5.

To discern the boundaries of the wake regions from the
freestream, a turbulence paramecter was formed, based on the
assumption of a lincar voltagc-velocity relationship in the
calibration curve, over a given range of fluctuation. The
turbulence pérameter was defined as the ratio of RMS to mean
hot film output voltages at a data point. Usually the as-
sumption of calibration curve lincarity is valid for either
linearized hot film output or for turbulence intensities of
less than 0.05. Freestream intensities were calculated to
be 0.02 and so the calibration curve linearity is justified
for locating the outer boundarices of the wakes. Typical cal-

ibration curves are presented in the Appendix.
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For the rcgion within the wakes, the turbulence intensi-

tics reach typical values of 0.38 or wove. lHere, the turbulence

parameter no longer indicates turbulent intensity. Turbulent

paramcler values are used only as a means of comparing relative

levels of fluctuations within the wakes, since turbulent in-

tensities were not calculated for each data point.

Apparatus Checkout

Uniformity of flow and frcedom from boundary layer ef-
fects were of great concern in the untested apparatus. Tra-
verses were taken at A and C to determine the flow condition
and the final extent of the boundary layers and wake.

The preliminary apparatus checkout dealt with six points
at each axial location. Axial locations examined were the
standard A, B, and C locations, shown in Figure 5. Table 1
shows the six check points used to insure that the wall
boundary layers did not effect the wake development. The
uniformity of velocities and RMS values at points 1, 2, 5 and
6 indicates that the corner boundary layers are less than 0.50
in thickness. The high RMS values at points 3 and 4 show
that the wake is detectable along the length of the channel.
The apparatus and instrumentation functioned satisfactorily,
so a dctailed investigation of flow uniformity and boundary

laycer growth was performed and discussed in Chapter 1V,
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Table 1 Boundary Laycer Checkpoints
Kear View of Pest Soction:
S §
X % in
1 S SN JU S
' ]
2.0 in 3 j]’
|
5 UUS -
! I
. ‘ AW_J_L/)
Y in}-k -J - 5 in
j;.{_‘_.‘._ 2.0 in —
Velocity at A at B at C
pPoint | Average Fluctuating Ave. Fluct,| Ave. Tluct.
1 271.0 9.33 274.0 9.17 ) 282.0 10.18
2 271.0 9.33 275.0 9.33| 282.0 10.18
3 235.5 52.31 247.5 20.00 | 261.0 15.00
4 253.0 35.71 251.0 .20.64 | 261.3 15.00
5 275.0 9.33 276.0  9.17 282.0 10.36
[3) 274 .8 9.17 - 277.0 9,17 282.8 10.46

NOTE: Velocity in f/sec.
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V. RESULTS AND DISCUSSI10ON

This chapter will presont and analyze the data and then
detoernine if'thc modification to the flat plate trailing
edge achieved better wmixing than the flat plate itself. The
velocity ratio of the two airstreams, U, is defined as the
slower, or seccondary, divided by the faster, or primary,
freestream velocity. When U = 1.0, both streams are of equal
velocity. First, the investigation of the boundary layer
growth on the apparatus walls is presented. Data from the
flat plate, taken at the threce downstream locations within
and before the asymptotic region, and at three values of
velocity ratio, are compared to the two-dimcnsional wake

theory in Abramovich. A non-uniformity in the flow is ob-

served in the data and its cffccts are evaluated. Next the
modification to the flat plate is described. The data from
the wake of the modificd plate is then analyzed, and the
wakes from both plates are compared. Comparisons are made
based on turbulence parameter -values, velocity profiles,

and turbulence parameter profiles.

Boundary Layer Investigation
An investigation of flow qguality was conducted to
determine the extent of boundary layer growth and flow uni-

formity in the test section. The passage was traversed in

the x~direction, parallel to the plate trailing cdge at A

and €, both ncar thc top of the passage and in the plane of
the flat plate (sce Figure 5). These data are plotted in
Figure 6., The sidewall was located one inch from the passage
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centerline and is not shown on the figure. Thoe guality of
the flow was wiform, except at A in the wake region. As the
probe ncared the sidewall, the boundary layey became cevident
from the simultancous decrecase in velocity and increase in
turbulence parameter. At C, the wall boundary layer appeared
to be 0.2 in thick on the sidewall.

From laminar boundary layer theory (Ref 13:140),

§ = z5(Re) L/2

where ¢ is the boundary layer thickness basced on the down-
stream distance, z. The laminar boundary layer was calculated
to be 0.045 in thick. TFrom turbulent boundary layer theory

(Ref 13:638),
§ = 0.37z (Re)~1/5

the turbulent boundary layer was calculated to be 0.188 in
thick. Both calculations used z = 8.0 in to represent the
boundary layer near C, and did not account for the boundary
layer thickness at the test section entrance, since it de-
pended on the static pressure gradient in the elliptical
convergent section. Since this pressure gradient was nega-
tive, the boundary layer thickness at the test section entrance
was taken to be small. The boundary layer calculations above
predict the ofder of magnitude of the boundary layer thickness.
From Figuvre 6 at C near the upper passage wall, the bouﬁdary
layer was seen to be about 0.2 in thick, whicli agreed with the

calculated turbulent value, and not the laminar value.
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Traverses were next made in the vertical, or y-dircction,
across the wake on Lhe passage centerline, at A, B, and C.
From the vertical traverses, I'igure 7, the thickest boundary
layer was about 0.2 in thick at C. Also from Figure 7, the
wake thickness at € left a freestream region of about % in
between the boundary layer and the wake. For a flat plate
tested at velocity ratio of one, a margin area of freestream
flow %in thick existcedbetween the wake and the upper and lower

wall boundary layers, so that the boundary layers did not grow

into the wake in the test section.

Discussion of the Flat Plate

In examining the data from the flat platce wake, several
objectives were satisficd. The wakes were found to grow
with downstream distunce without inteiseclting the wall bound-
ary layers. The velocity profiles showed similarity downstream
of a region of wake development, and this similarity was in
good agrecment with the two-dimensional, incompressible wake
theory of Abramovich. The turbulence intensity profiles were
not tested for similarity, since no similarity law was found
in the literature, but the turbulence parameter in the wake
did show tendency to recach a constant value with downstream
distance. These points will be developed in detAi] in the
following paragraphs. For the remainder of the discussion,
only data from the vertical traverses will be discussed.

From thce turbulence paramcter plots, Figures 7, 8, and
9, the wake c¢lecarly widens with downstream distance, at all

values of U. Maximum turbulence paramcter decreascs rapidly
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Turbulence Parareter
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fron A ta oand then nore slow!ly from B to Co Figuves 8 and
9 chow Lhe oltect of decrensing thoe velosily of the slower
stream cn L asywptlotio vegion of the woabo. The peak values
of the turbulent pﬁrnmytcr, which occur in mid-wade, increcase
as the velocity ratio is lowered.

The velocity profiles, Figures 10 Lo 12, illustrate
similar wale growth. As U decreases in Migures 11 and 12,
the gradient of velocity across the wake dininishes and the
width of the wake grows with downstream distance. In Figure
10, the point in the profile at C showing high velocity deficit
on the right side of the plot is judged to be evidence of the
top wall boundary layer.

In the asymptotic rcgion of a turbulent wake, the
velocity profliles are similar, when plottcd as dimensionless
velocity deficit versus dimensionless distance across the
wake. The data was compared to the thcoretical plane wake
curves from Abramovich (Ref 1:140), in Figure 13, to de-
termine to what degree the profiles were similar. The data
of B and C follow the thecorcticil curve when U = 1.0, The
data at A shows more scatter. The data of Hall and Hislop,
shown in Abramovich (Ref 1:140) were taken at a downstrecawm
dimensionless distance, z/D, of 10 and 17, where z is the
distance downstream of the plate trailing cdge, and D is the
plate thickness. In this experiment, the z/D for A was 3.0,
for B, 89.0, uand for ¢, 176.0. Figurc 14 shows the measure-
ments of the dimensionless velocity at the center of the wake

ploticd against 2/D (kef 9:13R6). pata is shown for U = 1.0
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at the thiee locations usually exawmined, and for U = 0.66 at
several locations between A and B, The theorcetical curve was
not clearly documented and consceguoently the plot shows. what
was available in the litcrature cited. “The data taken be-
tween A and B do not fall along a curve consistent with the
data at B and C. More data points are necded to fully sub-
stantiate the data trend. From Lhis plot, it is concluded
that A is in the pre-asymptotic region, whercas B and C are
in the sclf-prescervation or asymptotic region of wake dc-
velopment. The velocity profiles at B and C are expected to
exhibit similarity, and thus fcrm a baseline case to which

velocity profiles of modificed flat plates may be compared.

The Wall Effect

The velocity profiles in Figures 11 and 12 show graph-

‘ically a flow non-uniformity. On the secondary flow side,

the velocity increases rather then holding a constant value,
for data points near the wall. A similar phenomenon occurs
on the high speed side, but to a much lesscr degree. Visual-
ization of the flow in this region was conducted with a tuft
of string securcd to onc end of a hand-held rod, and by
blowing smoke through the static pressure port on the low-
speed wall centerline ncar A (sec Figure 5). Both methods
gave no cvidence of a recirculation region near the wall.
The flow proceceds downstrcam from the flat plate without
separation at the wall. An explanation for the increcase in
velocity is that the elliptical-wall convergent section,

which ends 3/8 in upstreom of the plate trailing edge,
I i g g
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accelerates the {low near its walls faster than the flow in

the passage center, which passes through with less curveature.
In the lateral traverses, this offcect is not present, since

the side walls of the elliptical section do not converge. With
a longer clliptical section more gradual channel convergence
would occur. Thi. wall effect might be less severe and more
uniform flow might bec¢ achieved.

The data of non~equal velocities, U less than one, were
plotted in Figurce 15 with the two-dimensional theoretical
similarity curve rcferenced in Abramovich (Ref 1:28,29). The
data at the outside of the wake again suffers from the wall
effect. The overall matching in the wake is considered good
for all values of veclocity ratio. Using the data from the
flat plate as a bascline, the data of the modified plate

will now bo addressed.

The Slottcd Plate

The modification to the flat plate trailing edgce was
the slotted plate as shown : Figure 16. The concept of
slotting the trailing edgé was chosen as a result of work
done by Dr. Arthur J. Wennerstrom. Five slots, each eight
millimeters wide, were cut into the flat plate as shown.
The simple slotted trailing edge offered the potential of
mixing cnhancement without {the penalty of increasing form
drag. Figures 17 through 22 show plots of turbulence
parameter and velocily profiles for the slotted plate at
A, B, and C, and for the threc velocity ratios. Figures 23
and 24 show velocity similarity profiles for the slotted

plate for the three velocity ratios.
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To o gain incsight into the offects of the slots on the down-
stroea mixing rogion, data were taken at U = 1.0 and 0.40 at
A, both on the centerlines of the middle slot and an adjacent
tab. 1In gencral, measurcements taken on the tab centerline
show lower velocity (Iigure 22) and a higher level of turbu~
lence parameter (Figures 17 and 19). The z/D for the tab
centerline data at A is 3.0, If the z distance for the probe
location behind the slot is mecasurcd from the upstream ex-
tremity of the slot, the z/D is 6.937. The wake behind the
slot is still in the pre-asymptotic region as evidenced by
the bad agrecrmont of the data at A with the similarity profile
in Figure 23.

The similarity plot of the slotted plate data (Figure 23)
shows that at U = 1.0 the data at B and C match the curve with
slightly more scatter than the corresponding data for the flat
plate. In Figure 24, for U = 0.6G and 0.40, the data at B and
C exhibit similarity but with more scatter than the flat plate
betwcen abscissae of 0.2 and 0.7. Here the data do not show
és much curvecature as the theory. This indicates a departure
from the two-dimensional flat plate wake similarity which

occurs in the high velocity side of the wake.

Comparison of the Slotted and Flat Plate Wakes

From the turbulence parameter plots, the maximum turbu-
lence paramcter for cach profile was recorded in Table 2.
The maximum turbulcence data shows that for both plates turbu-
lence parameter decrcases with downstream distance, and decays

more slowly in the asymptotic region. Maximum turbulaence
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Table 2
f PLAT RATY WAKY WIbil MANIINIM WAKE WIHTH
= 1.0 (velocity viotiles)  {(Tuwrbulence Parowmeter) (Turbulence Plots)
A 0.350 0.0652 0.380
B 0.570 0.0173 0.650
c 0.815 0.0120 0.800
DELTA 0.465 0.420
U = 0.66
A 0.170 0.088 0.300
B 0.280 0.018 0.630
c 0.510 0.015 0.650
DELTA 0. 340 0.350
U = 0.375
A 0.100 0.045 0.300
B 0.315 0.034 0.890
C 0.590 0.031 1.140
DELTA 0.490 0.840
‘. SLOTTED PLATE
U = 1.0
A (on tah) 0.145 0.064 0.300
B 0.560 0.011 0.450
Cc 0.840 0.007 0.600
DELTA 0.695 0.300
U= 0.66
A 0.225 ' 0.039 0.370
B 0.265 0.015 0.500
(o 0.375 0.013 0.550
DELTA 0.150 0.180
U = 0.40
A (on tab) 0.245 0.035 0.400
B 0.345 0.029 0.900
< 0.440 0.280 1.130
DELTA 0.195 0.730
NCTE: DELTA is final ninus initial wake wicth.




parameter at a given location in the asymplotic region in-

creancs with reduction of the velouity ratio, U. At similar

U, the maximom turbulence paramcters for the flat plate wakes

exceceds those for the slotted plate. This suggests that the

flat plate wakes are more turbulent than the slotted plate
wakes, and that the turbulence increascs with a greater dif-
ference in the velocitics of the two parallel streams.

Wake width was a major paramcter used to comparce the
mixing regions of the two plates tested. Wake width was

measured in two ways. From the turbulence paramcter plots

the width of the wake was measured as the distance between

freestream turbulence levels across the wake. From the
velocity profiles, widths of the wakes were measured, taking
the boundary of the wake to be the point where the velocity

was 0.9 of the freestrcam velocity on the same side of the

called DELTA, is

wake. The wake growth rate from A to C,

also given. These measurements are presented in Table 2.

For both plates, the wake width increases non-linearly

with downstrcam distance. - Thcory indicates that the growth

of the wake depends on the sguare root of the downstream

distance for a two-dimensional plane wake (Ref 13:734). The

width of each velocity profile is influenced by U. At B and

C, in Table 2, width is largest when U = 1.0, drops when at

U = 0,66, and widens slightly when the velocity difference

is grecatest.

The wakes measured from the velocity profiles give no

conclusive evidence as to which plate generally has the wider
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wale.  For Lhe wake measurements on the slotted plate at A,
data taken from the trailing cdge of the tab was used since
it was at the same =/D as the trailing cdge of the {lat plate.
At A, only when U is not unity, the slotted plate wake is
larger. At B, wakes arc egual when U = 1.0, largcr for the
flat plate when U = 0.66, and then larger for the slotted
plate when U is 0.40. At C similar ambiguity exists: When

U = 1.0, the slotted plate wake is larger; then when U is
less than 1.0, the flat plate wake is larger than the slotted
plate wake.

Definite trends are scen from the wake widths measured
from the turbulence parameter profiles: The wakes at B and
C show significant increases in size when the velocity ratio
is lowered from U = 0.66. For the flat plate, as the U is
lowergd, wake width changes slightly at A. At B and C, wakes
decrease in width from U = 1.0 to 0.66, but increase by hélf
ffom U = 0.60 yo 0.375. The slotted platc wake width at A
incréases slightly with decreasing U, whereas at B and C,
little change is seen frém U=1.0 to 0.66. TFrom U = 0.66 to
0.40 thc wakes at B and C nearly double.

The widths measured from the turbulence parameter pro-
files, compared at similar U, show agreement with the results
from the velocity profiles only for the cases of U = 0.66 at
B and C, wvhere the flat plate wake consistently esxcecds the
slotted plate wake.

The overall slope of the wake, that is the change in
width divided by the change in downstrecam distance, was as-

sumed to indicate the degrece of mixing., The twelve DELTA
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values in Table 2 vepresent the final winusg initial wake
widths, The DELTA was not divided by downstrecam distance
since the distance from A to C was constant for all cases.
in all but one of the twelve calculations, the flat plate
wake is secn to have a larger slope than the slotted plate
wake, and hence grows at a faster rate. This supports the
conclusion that the slotted plate is not as good a mixer as
the flat plate, as tested here.

An opltimum U for mixing was not found. The wake growth
rate for both plates shows a minimum when U = 0.66, and then
doubles when the secondary stream velocity is reduced to about
forty percent of the primary stream velocity. If a velocity

x ratio for maximum wake growth exists for either plate, it
must be lcss than U = 0.66 unless other devices to enhance
mixing arc employed. |

The validities of the methods used to measure wake char-
acteristics will now be discussed. The wake widths derived

ﬁ from the turbulence parameter plots are based on readings of
RMS hot film output. These readings were easily obtained,
since the rcadings on the RMS mcter had little fluctuation in

general. As previously discussed, the frecestream turbulence.

paramcter is analogous to turbulence intensity, and so the
widths measured from the turbulence parameter plots should be
a dcpendable result. The wake widths based on the velocity
plots are judged to be less accurate. They are based solely
on the recadings of the mecan hot film output voltage. Accurate

average values of the mean voltage was difficult to obtain due
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Lo the {luctuations in the output. Since the widths based

on the velocity profiles sbow no definite trends when the

two platce wakes are comparced, the tuibulonce purameter widths
are considofed as being morce accurate. Wuke growth rate can
be taken to represent the transverse fluctuating component

of velocity in the wake, and hence the rate of growth of the
wake represents the mixing (Ref 1:11). 1In Table 2, the DELTA
values indicate this wake growth rate. The DFLTA values of
the velocity profiles agrec with those of the turbulence
parametcr profiles. Both suggest that the flat plate wake
has the more rapid growth rate. Thus, the wake growth rate
based on the velocity profiles is considercd to be a more
accurate reprcsen'! ation than the wake widths based on the

velocity profiles.

Error Analysis

In general, Lthe data shows consistency. The velocity and
turbulence parameter points fall along curves with regularity
and little scatter. The day-to-day rcpeatability of the data
was confirmed on several occasions. Also, certain data points

were successfully repeated during the same test run.

Error in hot film measurcments arise from many factors,

including dust accumulated on the sensor from the flow, and

changes in ambient temperatures. Tests were all run between
74 and 81 F., Ambicnt conditions were fairly stable during

the test period, but not all dust was removed from the flow.
To accountl for these sources of error the probes were re-cali-

brated four times during the research. The maximum shift in
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the calibration curves (IMigures A-1 and A-2) shows an error

at less than thyee percent. This crror is taken as repre: enta-
tive of the error in the data, due to the electronics and hot
film variations.

Cebeci and Smith report typical turbulence levels en-
countered in wind tunnels (Ref 7:13). Turbulence intensity
of 0.2 to 0.4 percent corresponds to flow in a good tunnel
without screens, and 1.0 percent to flow in a poor wind
tunnel, Typical freestream intensity in this apparatus is
2.2 percent, and uniform.

It should be noted that since the single element hot
film probe was not rotated in the flow, the voltage fluctua-
tion measurced represented only two c¢f the three orthogonal
velocity fluctuation components present in the flow. These
were fluctuating components in planes perpendicular to the
wire. The third component was not accounted for in the
calculation of turbulence intensity, and so the calculated
turbulence intensity of 2.2% is lower than the real value.

Due to the length of the probe support and the turbulent
wake, the probe vibrated at approximately 1/8 in amplitude.
Probe vibration gives the hot wire an oscillating component
of velocity of its own in relation to the flow, and thus in-
troduces a source of error to the data. When the vibration
was held to a minimum no noticeable change was dectected in
the instrument readings. Probe vibration is not considered

to be a significant source of error.




V. CONCLUSIONS AND RiECOMMENDATIONS

IFrom the resulls of this study the following conclusions
are drawn:

1. The turhulence behind the flat plate is greater than
that bchind the slotted plate. Moreover, the flat plate wake
grows at a faster rate than the slotted platc wake. The flat
plate wake mixes the two streams of air better than the
slotted plate wake. |

2. No velocity ratio of the two strecams was found to
maximize the mixing for either plate. From turbulence
paramcter profiles, the incrcase of wake width with down-
stream distance was found to double for both plates, from the
case of equal volocity in both streams to the case of the

slower stream roduced to about forty percent of the faster

‘stream. If an optimum veclocity ratio for mixing exists, it

is less than 66 pcrcent. The maxinum level of turbulence
parameters, hence turbulence intensity, was found to increase
in proportion to the diffcrence in the velocities of the two
streams. |

3. The facility is determined to be of acceptable qual-
ity for the gqualitatrive study of the mixing region of two
parallel air strecams as scen from the flat plate data. It
provides turbulonce intensity of 2.2%, which is uniform in t)
sideways dircction. Flow in the planc of wake growth, or
vertical direction exhibits accelerated flow near the upper

and lower passage walls. This is a constant cffect in the
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apparatus, and so influences only the flow near the walls of
cach tout independent of the configuration toested.

4. Of the methods used to charvacterize the mixing
rcgions of each plate the turbulence parameter plots were con-

sidered to be most accurate. Wake growth rates based on the

velocily profiles agreed with the wake growth rates based on

the turbulence parameter profiles. Widths of the wakes based

on the velocity profiles did not give conclusive results.

Recommendations

1. The frecstream velocity profiles in the test section
are uniform in the sideways, but not the vertical direction.
This effcct, which occurs in the plane of wake growth, is
most noticeable with decreasing velocity and is believed to
be coused by the ¢lliptically curved convergent section.

An ellipse of longer major axis would decreasce this wall ef-
fect. Tor the purpose of comparing wake sizes, this wall

cffect is belicved to be a constant tunnel cffect and not

dependent on the modification being tested.
2. Use of a thinner plate would decrease the thickness

of thce woke and thus restrict its propagation into the wall

cf fect region. The effect of variation of slot geometry on

the mixing process could then be studied.

3. Optical systems such as Schlieren, could be used

to visualize the wake and wall boundary layers in the ap-

paratus as constructed. By installing a suitable gas in-

jection device between the plate leading edge and the last
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screen, helium could be used to sced one stream to enhance
the qualtity of tha image.

4. Investigation of thoe size of the turbulent eddies
in both cases is warranted. Larger eddies would indicate
better mixing. A hol wirc anemometer or laser velocimeter
could be automated with a data analysis system to enhance the
resecarch effort, .

5. It should be noted that the hot film length was the
same order of magnitude as the slot width dimension. More
dependable data could be attained ncar the slots by using a
smaller probe.

6. Certainly other'trai]ing edge modifications are
imaginable. If the plate is partially scvered by a series
of longitudinal cuts, and the resulting tabs are bent al-
ternately up and down, with vertical walls joining the ad-
jacent sides of each tab, a modification is formed which
should angle the flow up and down. Opposing sets of vortices
should be crecated in the shear layers of adjacent streams,
which would enhance mixing. Slots cut into these tabs would
constitute another modification.

7. The frecestrcam turbulcnce of these tests was low in
comparison to that in actual enginecring problers. With the
application of cloths to change the velocity ratio, the free-
stream turbulénce of the slower strecawm was also changed. A
logical extension to this study would bhe to study the effect

of freestream turbulence intensity on the growth of the wakes,




Bibijiography

1. Abroawovich, G. N.  The Theory of gnxbulgpg Jetg.,  Cam-
Lridge, Mansaechuscotic:  The MUY Press, 1963,
2. Agrawal, M. I., ct al. "study of the Turbulent Near Wake

of a Flat Platc," AIAA Journal, 15: 740-742 (November, 1976).

3. Blackn»re, W. L. and C. E. Thompson. "The Design and
Devaeloprient of a Mixzer Compound kMxhaust System for a Quiet,
Clean Generazl Aviation 'Turbofan, " AIAA/SAE/ASME 17th Joint
Propnlsion Conference.  ALAA-81-1494. New York, New York:

Zaecrican Inciitutc of Meronautics and Astronautics, July 1981.

L Boldman, D. R., et al. "vVortex Shedding from a Blun:
Trailing Bdee with Equal and Uneqgual Mecan Velocities,"
Jovrnal of I'luid Mechanics, 75: 721-728 (March 1976).

5. Rrowand, F. K. and P. D. Wicdman. "bLarge Scales in the
Developing Mixing Tayoer," Journal of Fluid Mcechanics, 76:
127-144 (Junc 19706).

6. Brown, C. L. "The Entrainment of Large Structure in
Turbulent Mixwing Layors," Fifth Australian Conference on

Hydraulics and Pluid Mechanics. Christclhurch, Now 2Zealand:

University of Cdntelbury 1974.

7. Cebecci, T. and A. M. O. Smith. Analysis of 1urbu]0nf

Boundary Layers. New York, New York: Academic Pres 1974.

8. Chervay, R. and L. S. G. Kovasznay. "Turbulent Mecasurc-
menlts in the Wake of a Thin Flat Plate," AIAA Journal, 7:
1640-1643 (April 1969).

9. El-Assar, R. J. and R. H. Page. "Incompressible Turbu-
lent wake of a Flat Plate,"™ AIMA Journal, 7: 1388-1389 (July
1962} .

10. Fluid Meters, Their Thoory and Application. American

Society of Mcechanical Engincers. New York, New York: ASME,
1959.

11. Opcrating and Service Manual for 1050 Scries Constant
Temperature Ancromnators and Related Accescories.  Product
Mamial. Clevaland, rinnesota: Thermo-systems, Incorporated

(undated).

12. Presscr, C., et al. "Influence of Geometric and Kinematic
Iactors on Combustion Performance," Scientific paper. De-
partment of Acronautical Enginecaring, Technion. Haifa, Israel:
Isracl Institnte of Tcechnology, November 1978 (ADB 036 646).

59




el

Bibliograyhy (Contd)

13.  Schlicting, 1. Roundery lLeyver Pheory (Seventh cdition).
New York, New Yorli:  MeGraw-iinl Dook Company, 1979,

14. Stratford, B. S., et al. "The Mixing betwcen Hot and
Cold Airstreams in a Centrifugal Flow PField," Scientific paper.
Ministry of Aviation, Acronautical Rescarch Council. London,
England. H. M. Stationuary Office, April 1964. (ADB 028 267}.

15, Tennekes, H. and J. L. Lumlecy. A First Coursc in Turbu-

lence. Cambridge, Massachusetts: The MIT Press, 1980.

16. Wehofex, S. and R. J. Matz. "Turbine Engine Exhaust
Nozzle Performonce with Non-Uniform Inlet Flow,” AEDC-TR-~75-82.
Arnold AFS, Tennessce: Arnold Engineering Developmeant Center,
1975 (A 014 261).

60




-h‘-‘d-;h-—_-.------.--.-"-...-I.-uhrhw

APPLENDIX

Hot {ilw calibration was conducted with a single-element
hot f£ilm probe mountoed in the core flow of a metering orifice
jet. Procedurces for calibrating the electronics are described
in the 'Thermo-8ystems manual (Ref 11:1-1+). The probe and
accompanying electronics were cxactly as set up for the ex-
periments. Facility air was piped through a metering unit to
a stilling chamber with a flow screen upctream of the metering
orifice. One side of a 100 inch manometer was connected to
the stilling chamber and the other side was open to the ambient
pressure.

With the hot film electronics turned on and warmed up,
the air was allowced to flow out of the orifice at a set pres-
surc differential. Several pressurces were used to obtain a
voltage vorsus velocity calibration curve over the range of
data cxpectad.

Velocity was calculated in feet per second from:

p_ JI-L
U =" ZgCRT(—Y—I—l-) [1 - g:b Y }
where:  gg = 32.174 lbm-ft/lbf-scc?
R = 53.35 1bf-ft/1lbm-R, gas constant for air
T = F + 460, ambicnt temperature, deg Rankine
Ay = 1.4, ratio of specific heats for air
Pamb = Hg x 13.6, barometric pressure converted to
in of water

P = total pressure of the charber, in water.
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Figure A-1 shows calibration curves for scnsor L266, and
Figure 2v-2 shows soensov K476 calibration data.  The deviation
of the calibration curves from waeek to week way less than

3 percent.,




el

RO

1

vt

UOTIRIQITR) 99TT I0suUdS T-Y *bTI

298/53 *A31d0TR4

01T 06

- - Y T

¢
1
{

A
[=3 ©
v v
~ o

SUNPU W

[

[o R e i .
i @ 3Isasny gl
' sjurog povds ydTHV -,
- x. M \
; s3uiog peods 07 Q Arno GT : -
.
: - et e —n . e e e e e e - ,‘0\\ G- q —

£3700T00 MO

I

[N
3]

s - -t pgo) - ; FArA
: e ]
- .y
. \1\. - 7 1
N P . .. RN SO\ A SO UO R |
i I\A \ - . 1
o ALTS0T8A YITYR 1
L - .
. ~ \G - 3L
[oh .
i
. 1 i e W
cze 00¢ 134 89z tve 6z [ izt

citooTon

s31oa folrrop yuding

63




LOTIEIGITRD 8L&N IOSUsS Z-¥ Bys

D03 /33 ‘AITIDOLON

oIz ooz oY 09T 091 0T coT 08 c9 oy 0z o
F T T T (e -y T - T T T T T
; - '
| PO H
- . !
vl b . - e dnea
_. p o2
] L. m
| _
{ Ve
rd O,
o f
. xaquwazdas TZ . 7 - . \ veg

(ORu]
\

asndny pT

©
A
R

Ve s
O]
Dofrz- o -7
2 9 - . [N
= D ' c
z . . e _ . : =
- ; o ea . - \ \ . z
« H Il
z : A3 7o0Tan ysIY - ~ . ! -
= ; . , , v L i A
Tooeg- - | . ~ —ce
< s — { H
- -G ~ <
..W 7 1\ <
oy : e " . =
* P . \G “ ©
! . P e — = -
R i o ‘ -7 .\\Bu : AytooTsa #OT - =g
. . - — : .
.!O \.\\O i
\\\\ “
. A :
o -8
- e :
. S
- s !
Leam 2D Ve 4573
~ < \ 1
< i
: < !
\ +
“. UO .' H
i . \ . . . . . : _ , : Ma.m
oo 062 caz 0.2 coe o5z arz cee cez ¢rs 54
oos/335 ‘ KatooToA
O |
il tne

64




V1TA

Danicel J. Gurecki wae born on 18 October 1951, in Meriden,

Connecticut, the firvst child of Joseph and Helen Gurecki. He

attended Orville H. Platt High School in Meriden, and gradu-

ated in 1969. After receiving a Bachelor of Science degrece

from the University of RNotre Dame, Notre Dame, Indiana in 1973,

he worked for Pratt and Whitney Aircraft Corporation as an

analytical gas turbine engincer. He entered the Air Force

after one and onc half years of employment, and was commissioned

a Second Lieutenant in Janvary, 1976, through Officer Training
School. He was then assigned to the Air Force Aero Propulsion
Laboratory at Wright-Patterson Air Porce Base, and entered the

Masters Degree program at the Air Force Institute of Technology

in Junc 1980.

Permancent address:

This thesis was typed by Mrs Anna L. Lloyd. . i

65

81 Gwen Road
Meriden, Connecticut




UNCLADDLLY LLU

SECURITY CLASSIFICATION OF THIS PAGE (When DnlnlEnlend)'

READ INSTRUCTIONS
. ‘ REPORT DOCUMENTATION PAGE BEFORE COMPLETING FORM
) ( ~ J'. REPORT NUMBER 2. GOVT ACCESSION NO.| 3. RECIPIENT’S CATALOG NUMBER
AFIT/GAE/AR/81D-12
4. TITLE (and Subtitle) 5. TYPE OF REPORT & PERIOD COVERED
EFFECT OF MODIFICATION OF THE TRAILING EDGE OF MS Thesis
A SEPARATING WALL ON THE DOWNSTREAM MIXING OF
PARALLEL FLOWING STREAMS 6. PERFORMING ORG. REPORT NUMBER
7. AUTHOR{3) 6. CONTRACT OR GRANT NUMBER(s)
Daniel J. Gurecki
Captain
9. PFRFORMING ORGANl-ZATION NAME AND ADORESS 10. ::giRﬁAwOERLKEZElNTT.NPURMOBJEEF?;' TASK
Air Force Institute of Technology (AFIT-EN)
Wright-Patterson AFB, Ohio 45433
23075127
11. CONTROLLING OFF{CE NAME AND ADDRESS t2. REPORT DATE
Air Force Institute of Techrology (AFIT-EN) | December 1981

13. NUMBER OF PAGES -
o5 )
T4. MONITORING AGENCY NAME & ADDRESS(if diflerent from Controlling Olfice) 1S. SECURITY CLASS. (of thia report)

wWright-Patterson AFB, Ohic 45433

UNCLASSIFIED

1Sa. DECL ASS!IFICATION. DOWNGRADING
SCHEDULE

16. DISTRIBUYION STATEMENT (of thia Report)

¥,
O

Approved for public release; distribution unlimited.

17. DISTRIBUTION STATEMENT (of the abstract entered in Block 20, if different from Report)

st oo -

18. SUPPLEMENTARY NOTES

: Approved for public release; IAW AFR 190-17 § - (2 \\AZgA \\\\
| ) < N <

-

r

) . ] rmation
19. KEY WORDS (Continue on reveras side if necessary and identify by block number)

Wakes
Mixing
Turbulence

20. Aaj;‘RACT (Contlnue sn roverse side if neceseary and ldentify by block number)

he objective of this thesis is to study ways to enhance the mixing of two
parallel streams of air by modifying the trailing edge of a separating wall.
An apparatus was designed which achieved two-dimensional, good quality flow near
- o~ (: the center of the test section passage, with freestream turbulence intensity of
- . 2.2 percent. Measurements of the wake were made varying the velocity of one
stream down to 37.5 percent of the other stream velocity, both in and upstream
of the asymptotic region of the wake. A single element hot wire was used to

! measure velocity and RMS readings. The fl: il {
, DD ' 52:"73 1473 EDITION OF 1 NOV 65 1S OBSOLETE UNCLASSIFTSD

SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)

[ o fe ﬂ T
2 rigen) e * ‘—‘:1
e Y L
i N )




UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE(When Date Entered)

tem 20 (contd)

slotted with five, eightmillimeter slots and re-tested. The higher turbulence
t and wicer wake of the flat plate indicate that the slotted plate wake does not
achieve as good mMiXing as the flat plate wake. No velocity ratio of the two
streams was found to maximize the wake growth for either configuration. Wake

growth doubled when the slower velocity was 0.40 of the faster velocity.\
AN
AN

(o

Bl st )

UNCLASSIFIED
SECURITY CLASSIFICATION OF Tu'* SAGE(When Date Ente

e e e . — - )
! 3 2 VR ; P g . . oo .

<

™

e h M e mm e e =

g —— i —  h—

o e et ._.-..ﬁ_.,...—..—-‘ N

%




